Collagen protein is generally regarded as having a small turnover in the adult; in certain situations however, such as the return to normal of the postpartum uterus of the rat (1) or the remodelling of a badly aligned healing fracture of long bone, collagen fibrils are resorbed, but the mechanisms involved remain elusive. Since one of the effects of lathyrogenic agents is thought to be a loosening of intermolecular collagen bonding (2, 3), lathyrism provides a potentially useful means with which to study the process of the disorgaz3ization of the collagen fibril. One such study on the metabolism of C14-nitrile-labelled aminoacetonitrile in the weanling rat (4) showed a wide distribution of the labelled carbon, the major part of which however remained unidentified. A later study of the metabolism of labelled fl-aminopropionitrile (BAPN) led to the identification of the major metabolic product, cyanoacetic acid, itself non-lathyrogenic, but the nature of the active molecule and its site of action remain unknown (5-7). Attempts to seek common chemical denominators among known lathyrogens (8, 9), have met with little success with the exception of one study (10) in which it was shown that the lathyrogenic capacity of an organic nitrile is influenced by the presence of a reactive amino group. Yet another approach has been the search for a common functional denominator, such as that of monamine oxidase inhibition (11-13) or chelate formation (14), but these hypotheses remain unproven.
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(Received for publication, March 27, 1961) Collagen protein is generally regarded as having a small turnover in the adult; in certain situations however, such as the return to normal of the postpartum uterus of the rat (1) or the remodelling of a badly aligned healing fracture of long bone, collagen fibrils are resorbed, but the mechanisms involved remain elusive. Since one of the effects of lathyrogenic agents is thought to be a loosening of intermolecular collagen bonding (2, 3) , lathyrism provides a potentially useful means with which to study the process of the disorgaz3ization of the collagen fibril. One such study on the metabolism of C14-nitrile-labelled aminoacetonitrile in the weanling rat (4) showed a wide distribution of the labelled carbon, the major part of which however remained unidentified. A later study of the metabolism of labelled fl-aminopropionitrile (BAPN) led to the identification of the major metabolic product, cyanoacetic acid, itself non-lathyrogenic, but the nature of the active molecule and its site of action remain unknown (5-7). Attempts to seek common chemical denominators among known lathyrogens (8, 9) , have met with little success with the exception of one study (10) in which it was shown that the lathyrogenic capacity of an organic nitrile is influenced by the presence of a reactive amino group. Yet another approach has been the search for a common functional denominator, such as that of monamine oxidase inhibition (11) (12) (13) or chelate formation (14) , but these hypotheses remain unproven.
The major obstacle to these latter approaches has been the lack of clearly defined criteria of lathyrogenic activity, resulting in the inclusion of compounds of dubious activity; the criteria of activity in the rat, the usual assay animal, have been weight loss, skeletal deformity, neurological manifestations, and angiorrhexis. A rigid adherence to these criteria however, is misleading in such cases as the mature guinea pig where the administration of BAPN results not in skeletal deformity and angiorrhexis but solely in increased amounts of collagen extractable from the skin (15) . Another assay system which relies on * This study was aided by a grant from Muscular Dystrophy Associations of America, Inc. :~ Research Fellow of the Helen Hay Whitney Foundation. 295 the production by lathyrogenic compounds of dislocations of the joints of the hind legs of Xenopus laevis larvae (16) is probably more sensitive than the rat assay system, but renders quantitation difficult. In an effort to overcome these difficulties, an assay system was devised using the chick embryo in which lathyrogenic activity has been defined as that which results in increased fragility of the connective tissues and in the extractibility of collagen from such tissues, these changes having been considered indicative of a loosening of intermolecular collagen bonding (13) . The present study, using a modification of this assay system, is an attempt to find a structural chemical rationale for the action of lathyrogens. The results include a classification of active compounds into 4 groups--nitriles, ureides, and two new groups, hydrazides and hydrazines; a series of guides are presented indicating some of the structural features essential for lathyrogenic activity which have enabled a certain amount of prediction of activity in untested compounds.
Materials and Methods
The assay method is that of Gross et al. (13) ; a minimum of 15 fertile 14 day chick eggs (Light Sussex cock crossed with Rhode Island Red hen) were injected through a pinhole in the shell onto the chorio-aUantoi¢ membrane with 0.054 m• of the test compound dissolved in 0.1 ml of sterile distilled water, the hole covered with scotch tape and the eggs relncubated for 2 days; compounds found to be insoluble in water were dissolved in either weak acid, alkali or alcohol, or were suspended in triton A-20 solution, it having been observed that none of these solvents or the suspending medium were themselves lathyrogeulc.
The 16 day old survivors were tested for fragility of their connective tissues by measuring the time taken for the head to be separated from the body of the embryo using a constant stretching load; the "fragility index" used was:
Time in seconds (maximum, 2 minutes) Average embryo weight in grams The tibiae and femora were then carefully dissected on ice, pooled, minced with fine scissors and extracted for 24 hours at 5°C with constant shaking, in 2 volumes (r/w) of cold 1 M NaCl buffered with phosphate, pH 7.6, ionic strength 0.02. Extracts were then separated from residues by centrffugation in the Spinco model L preparative ultracentrifuge at 25,000 m,~r for 30 minutes and the cleared supematant fluid passed through a fine sintered glass filter in the cold. The relative viscosity of each extract was then measured at 5°C in an Ostwald viscometer, this reading giving a direct measure in this system of the amount of collagen present in solution (17) .
Effect of Pyridoxal on Latkyrogen~ gmbryos.--The lathyrogenic effect of isonicotinic acid
hydrazide (INAH) in the chick embryo is largely reversed by the administration of pyridoxal hydrochloride (18) ; in order to test the effect of pyridoxal on other lathyrogens, a minimum of 45 fertile 14 day old embryos were injected with 0.054 m~a/egg of the test compound and a third of the survivors sacrificed 24 hours later and their bones extracted in saline as described; half of the remaining two-thirds was injected with 0.054 mu of pyridoxal hydrochloride in 0.1 ml sterile distilled water and relncubated with the remaining eggs. 24 hours later the survivors of these two-thirds were sacrificed and their bones extracted and the relative viscosity of the 3 extracts measured. It was thus possible to see whether 24 hours' treatment with pyridoxal would reverse the effect on collagen solubility induced by 24 hours' treatment with a lathyrogenic compound.
Production of Skdetal Deformities.--It has been shown that treatment of 4 day old chick embryos with BAPN (16, 19, 20) or semicarbazide (8) results in the development of severe skeletal deformities, particularly of mandible and of tibia. In order to ascertain whether other lathyrogens were capable of producing such deformities, a minimum of 40 fertile 4 day old embryos were injected through the shell with 0.00253 mx~ of the test compound dissolved in 0.1 ml of sterile distilled water; haft of these were further injected with an equlmolar amount of pyridoxal hydrochloride at a site distant from the site of the first injection, to test any possible protective value; the eggs were reincubated for a further 10 days, and the survivors carefully examined and the proportion and degree of mandibular and tibial deformities noted. From each batch 2 average survivors were selected, fixed, cleared and the skeletons stained with alizarin (21) and photographed. As a further test the experiment was repeated using four times the dosage of lathyrogen and of pyridoxal.
Preparation of Semi~arbazones and
Hydrazones.--These were prepared by the usual method of condensation of aldehyde and semicarbazide or a hydrazide, usually in the presence of sodium acetate, to form a Schiff's base. The resultant compound was washed free of uncombined aldehyde and lathyrogen in the appropriate solvents and attempts at recrystaUisafion of the complex made from water, alcohol, or a mixture. Melting points were determined using the Kofler micro-melting apparatus; where the compound was a known one, the observed melting point was compared with that given for the compound in the original synthesis. 
In Vitro Bone Experiments.--Aliquots

RESULTS
Modification of Assay System.--Comparison of the fragility indices and rela-
tive viscosities of bone extracts obtained from a series of experiments over the course of 11/~ years, using a variety of lathyrogenic compounds, indicated that the coefficient of correlation between these two parameters was 0.56 (Text- fig.  1 .) The causes of this imperfect relationship are thought to lie in the nature of the fragility index, rather than in the relative viscosity measurement. Ideally, it is possible, in comparing the lathyrogenic activity of a series of compounds in a single batch of eggs, to select a stretching load, such that the correlation between fragility index and relative viscosity is good (Text- fig. 2) ; however, the selection of too heavy a load will result in immediate rupture of the neck and too light a load will result in failure of rupture after the arbitrary limit of 2 minutes. A further difficulty lies in the variations found in embryo weight from batch to batch and season to season. 
r. o
Comparison of the rdative viscosities obtained from a series of experiments over the course of 1~/~ years indicated that for any particular lathyrogen a fairly constant result might be expected from one week to another (Table I) ; it was therefore decided to compare the activity of compounds by comparing the extract relative viscosity, and to omit fragility indices. (Table II) or the terminal amine group (Table III) resulted in complete loss of activity, with the exception of methylene aminoacetonitrile and cyanoacetic acid hydrazide.
(b) Semicarbazide: The effect of substituting the NHdXrH--ending was to destroy all activity (Table IV) ; similarly, in the case of thiosemicarbazide. However, substitution of the amide ending leaving intact the NH2NHCO--ending indicated (Table V) that activity clearly resides in the hydrazide grouping NHdVHCO-C, as well as within the ureide grouping NH~qI-ICO-N, but that in the case of the ureides, substitution of the hydrogens of the terminal amine will result in loss of activity.
(c) Hydrazine: The lathyrogenic activity of the hydrazides suggested the testing of hydrazine for activity; this was found to be present (Table VI) but substitution of any of the hydrogens was found to diminish the amount of activity.
(d) Sulphydryls:--Opinion has been divided as to the activity of/3-mercaptoethylamine in the rat (9, 13, 22, 23) ; it appears that in the chick embryo, this compound as well as other -SH containing compounds such as cysteine, homocysteine, and glutathione were devoid of lathyrogenic activity. Weighted mean of coefficient of variation = 9.00 per cent. * 0.054 mx~ injected at 14 days and examined 2 days later.
Comparison of Activities of Lathyrogenic Compounds.--Comparison of the
degree of lathyrogenic activity of the compounds tested, on an equimolar basis (0.054 m•/egg) indicated a spectrum with nitriles as the most powerful, followed by the ureides, the hydrazides, and lastly the hydrazines (Table VII) .
Effect of Pyridoxal on Lathyrogenic Activity.--It has been shown that pyri-
doxal will largely reverse the fragility and extractibility of collagen induced in the chick embryo by INAH (18) . The effect of pyridoxal was therefore tested in embryos treated with the other lathyrogens; it is evident (Text- fig. 3 ) that it had little effect on the action of the nitriles and on that of thiosemicarbazide, but that it tended to reverse the action of the ureides and especially those of the hydrazides.
Production of Skeletal Deformities by Latkyrogens.---O.O0253 rn~ of each com-
pound was injected into 4 day embryos which were examined 10 days later; c. L LEVENE in general this resulted in severe mandibular and tibial deformities in embryos treated with the nitriles but in no deformities in those treated with the ureldes, or hydrazides; it required 4 times this dose to produce such deformities in the case of the ureides and even at this dosage most of the hydrazides remained free of deformities with the exception of the mild lesions produced by ~'-Lglutamyl hydrazide and glycine hydrazide (Table VII) .
Effect of Pyridoxal on Skeletal Deformities Produced by Lathyrogens.--Since
pyridoxal was able to reverse the fragility and collagen extractibility induced in the older embryos by particular lathyrogens, an attempt was made to see whether an equimolar dose of pyridoxal would affect the degree of skeletal deformity induced in the younger embryos by certain of the lathyrogens. It appears that whereas pyridoxal had no effect on the nitrile-induced deformities, it virtually prevented the mandibular deformities and diminished the severity of tibial bowing, induced by the ureides (Fig. 1 a) and abolished most of the skeletal defects induced by the 2 hydrazides (Fig. 1 b) . It would thus appear that powerful lathyrogens are also powerful deformityproducing agents and conversely weak lathyrogens are weak deformity-pro-ducing agents (Table VII) . Furthermore, pyridoxal tends to antagonize the collagen-solubilizing and deformity-inducing actions of the weaker lathyrogens, but not of the more powerful agents, suggesting that these are different manifestations of a single basic phenomenon of varying intensities. specificity of the aldehyde group, and the known relative inertia of ketones to combine to form Schiff bases (24) suggest that pyridoxal in ~/vo forms a Schiff's base with the terminal amine of the ureide and hydrazide compounds; in order to test this hypothesis, a series of Schiff complexes was prepared of the ureides and hydrazides, using pyridoxal, salicylaldehyde, and benzaldehyde, and these were injected in dosages of 0.054 m~t/egg into 14 day old fertile embryos which were examined in the usual manner 2 days later. The results showed a spectrum of activity for these compounds (Table VIII) was considerably less than that of the parent compound, suggesting that Schiffbase formation by pyridoxal may be a means by which pyridoxal antagonizes the effect of certain lathyrogens.
TABLE V Effect o.f Modifying --NH~ Ending on Lathyrogenlx Aaivity oJ Semicarbazide
What Is the Role of DPN in Lathyrism?--In vitro studies have shown that INAH displaces the nicotinamide portion of diphosphopyridine nucleotide (DPN) (25) ; the complex of DPN-INAH has been isolated and partially characterized (26); the possibility was therefore considered that the lathyrogenic effect of INAH might be mediated v/a DPN, but against this was the evidence that 2 other antinicotinamide agents, 3-acetylpyridine and 6-aminonicotin- amide were found to be non-lathyrogenic (18) . In order to further test this hypothesis, embryos treated at 14 days with 0.054 m~ of INAH were injected at 15 days with nlcotinamide in dosages ranging from 0.014 m_~ to 0.432 raM/egg; this was found to be of absolutely no protective value. As a further test, freshly dissected bones of normal 16 day old embryos were incubated with various combinations of INAH, DPN, DPNH and nicotinamide as an anti-DPN-ase, the bones extracted in the cold with 1 M sodium chloride, and the relative viscosity of the extracts measured; in no case was the amount of extractible collagen found to be increased significantly.
Are Lathyrogens Inhibitors of Monoamine Oxidases?--Monoamine oxidase inhibitors are believed to be concerned with the detoxication of toxic amines (27) and the proposal has been made that lathyrogens may possible act as inhibitors of monoamine oxidases (7) . In order to test this proposal, the lathyrogenic activity of 2 known inhibitors, iproniazid (isonicotinic acid 2-isopropylhydrazide) (28) 
and nialamide (N-isonicotinoyl-N'-~-(N-benzylcarboxamido)
ethyl] hydrazine) was compared with that of INAH, a poor inhibitor of monoamine oxidase, using dosages of 0.054 m~/egg. The results which indicated that iproniazid and nialamide are only very slightly lathyrogenic (7 rel of extracts was 2.7 and 3.8 respectively, as compared with INAH-15.1) suggested that the phenomena of lathyrism and monoamine oxidase inhibition are not obviously related.
Do Lathyrogens Act by Chdate FormationS--It has been proposed that lathyrogens may act as chelating agents (14) ; the results of testing chelate-forming agents such as versene and alizarin for lathyrogenlc activity did not support this proposition.
DISCUSSION
The compounds shown here to be lathyrogenic in the chick embryo fall into four groups, nitriles, ureides, hydrazides, and hydrazines, forming a spectrum of diminishing potency in their ability to induce the solubilization of collagen and skeletal deformity; this suggests that these compounds may act through a common pathway. The parallel behaviour of collagen solubilization and skeletal deformity suggests that these two manifestations of lathyrism represent aspects of a single change in the organization of collagen protein.
The action of pyridoxal in lathyrism, depends, like its reversal of the in ~tro inhibition of M. tuberc~osis by isoniazid (29) on the integrity of the aldehyde group, which probably inactivates lathyrogenic ureides and hydrazides by forming Schiff's complexes with them.
The site and mode of action of lathyrogenlc compounds remain obscure; it seems unlikely that monoamine oxidase inhibition or chelate formatlon are directly involved.
It is of interest that many of the lathyrogenlc hydrazides are of therapeutic 
